H3 phosphorylation has been correlated with mitosis temporally in mammalian cells and spatially in ciliated protozoa. In logarithmically growing Tetrahymena thermophila cells, for example, H3 phosphorylation can be detected in germline micronuclei that divide mitotically but not in somatic macronuclei that divide amitotically. Here, we demonstrate that micronuclear H3 phosphorylation occurs at a single site (Ser-10) in the amino-terminal domain of histone H3, the same site phosphorylated during mitosis in mammalian cells. Using an antibody specific for Ser-10 phosphorylated H3, we show that, in Tetrahymena, this modification is correlated with mitotic and meiotic divisions of micronuclei in a fashion that closely coincides with chromosome condensation. Our data suggest that H3 phosphorylation at Ser-10 is a highly conserved event among eukaryotes and is likely involved in both mitotic and meiotic chromosome condensation.
In eukaryotic cells, DNA is closely associated with histone proteins in the form of chromatin, packaging DNA in a way that remains only partially understood. Although the structure of the nucleosome core is now known in considerable detail (1) , how higher order chromatin structures are folded and unfolded to accommodate processes such as transcription, replication, and chromosome segregation remains unclear. During mitosis, DNA is compacted nearly 10,000-fold to ensure proper segregation of the genetic material to daughter cells. Faithful segregation of sister chromatids requires proper condensation of the chromatin during entry into mitosis and decondensation of the fiber during exit from mitosis and is essential for the viability of the cells.
Specific posttranslational modifications of histones, particularly acetylation and phosphorylation, correlate well with dynamic aspects of the folding and unfolding of the chromatin fiber (2) . For example, hyperphosphorylation of linker histone H1 is temporally coupled with entry into mitosis and has often been presumed to function in mitotic chromatin condensation (3, 4) . However, recent experiments show that chromatin condensation can occur in vivo (5) or in vitro (6, 7) in the absence of H1. Furthermore, H1 hyperphosphorylation does not occur in premature chromatin condensation induced by fostriecin (8) or okadaic acid (9) . Therefore, the exact function of H1 hyperphosphorylation in mitosis remains unclear.
In contrast to H1 hyperphosphorylation, site-specific phosphorylation of core histone H3 at serine 10 seems to occur exclusively during mitosis in mammalian cells (10, 11) . Moreover, fostriecin and okadaic acid, which initiate premature chromatin condensation in cell cultures, also induce H3 phosphorylation (8, 9) . Similarly, vanadate-induced dephosphorylation of H3 correlates with chromatin decondensation and the rescue of a mitotic mutant that otherwise fails to initiate postmitotic chromatin decondensation (12) . Recent studies, using an antibody selective for the Ser-10 phosphorylated H3 amino terminus, have documented a tight correlation between H3 phosphorylation and mitotic chromatin condensation in mammalian cells (13) . Taken together, the above data suggest that H3 phosphorylation plays an important, yet poorly understood, role in mitotic chromatin condensation.
Like most ciliated protozoa, Tetrahymena thermophila cells contain two nuclei: a macronucleus and a micronucleus. In vegetative cells, macronuclei are transcriptionally active, highly endoreplicated, and divide amitotically. In contrast, micronuclei are inactive, germ-line nuclei that are diploid and divide mitotically (14) . Consistent with the hypothesis that H3 phosphorylation is mechanistically linked to chromosome condensation, H3 phosphorylation has been found to occur only in micronuclei, but not in macronuclei of logarithmically growing vegetative cells (15) . In this paper, we demonstrate that micronuclear H3 is phosphorylated at a single site within its amino-terminal domain, Ser-10, as shown previously for mammalian cells (10, 11) . In addition, using an antibody highly specific for H3 phosphorylated at this residue, we find that H3 phosphorylation is temporally correlated with mitosis in Tetrahymena in a fashion that closely coincides with chromosome condensation. We also extend the association between H3 phosphorylation and chromosome condensation to meiotic chromosomes by analyzing micronuclear meiosis during the sexual process of conjugation. Our data argue that Ser-10 H3 phosphorylation is a highly conserved event among eukaryotes and support the hypothesis that this modification is involved in a pathway of higher order chromatin folding and͞or unfolding.
MATERIALS AND METHODS

Cell Culture and [
32 P]Orthophosphate Labeling. T. thermophila strain CU428 was grown in 1% proteose peptone as described previously (16) . Where indicated, cells were labeled continuously during vegetative growth in proteose peptone in the presence of 10 Ci͞ml [ 32 P]orthophosphate. For conjugation, strains CU427 and CU428 (obtained from P. Bruns, Cornell University, Ithaca, NY) were used. Conjugation was induced according to Bruns and Brussard (17) with modifications described by Allis and Dennison (18) .
Preparation of Nuclei and Nuclear Proteins. Macro-and micronuclei were isolated from Tetrahymena as described by Gorovsky et al. (16) , except that the nucleus isolation buffer contained 1 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride, 10 mM sodium butyrate, and 200 M chloromercu-riphenylsulfonic acid, but not spermidine. Where indicated, macro-and micronuclei were further purified by sedimentation at unit gravity according to Allis and Dennison (18) . H3 was purified from sulfuric acid extracts of micronuclei by reverse-phase-HPLC using a C8 column, as described previously (19) .
Electrophoresis and Immunoblotting. SDS͞PAGE (20) and immunoblotting analyses (21) were performed as described previously. Phosphorylated H3 (Ser-10) antibody was generated and characterized as described by Hendzel et al. (13) and is available from Upstate Biotechnology (Lake Placid, NY). General (control) H3 antibody was generated against reversephase-HPLC purified Tetrahymena H3 (C.D.A., unpublished data). Crude phosphorylated H3 antiserum was routinely preincubated with an unphosphorylated H3 peptide (ART-KQTARKSTGGKAPRKQLC) to block contaminating antibodies that react with the proteolytically processed form of H3 (H3 F ) in micronuclei (22, 23) .
Indirect Immunof luorescence Analyses. Growing or conjugating cells were fixed and processed for indirect immunofluorescence as described previously (24) . The phosphorylated H3 antiserum, pretreated as described above, was typically used at a dilution of 1:500 and detected with a rhodamineconjugated secondary antibody. Cells were also stained with the DNA-specific dye, diamidinophenolindole (DAPI) at 0.3 g͞ml in Tris-buffered saline (TBS).
Enzymatic Treatment. Where appropriate, HPLC-purified H3 was incubated with bacterial alkaline phosphatase (Worthington) as described previously (25) except that the enzyme preparation was not boiled before use.
Protein Microsequencing. HPLC-purified micronuclear H3 (both H3 S and H3 F ) was sequenced from the N terminus in an Applied Biosystems model 477A protein sequencer with an in-line 120A phenylthiohydantoin-analyzer (Applied Biosystems) using optimized cycles. Instead of butyl chloride, 90% methanol containing phosphoric acid (15 l͞100 ml) was used to extract the cleaved amino acids. After conversion, 50% of the sample was transferred to the HPLC for phenylthiohydantoin-amino acid identification, and the other 50% was collected for determination of radioactivity by scintillation counting.
RESULTS
Determination of Mitosis-Related H3 Phosphorylation Site(s).
Previous work has shown that, in Tetrahymena, H3 phosphorylation occurs only in mitotic micronuclei and not in amitotic macronuclei (15) . To identify H3 phosphorylation site(s) used during mitosis, macro-and micronuclei were prepared from mid-log-phase cultures grown continuously in [ 32 P]orthophosphate, and H3 was extracted from both nuclei and purified by reverse-phase HPLC. Consistent with previous findings (22, 23) , two electrophoretically distinct forms of H3 were observed in micronuclei. The slower migrating species, H3 S , is identical to macronuclear H3. In contrast, the faster species, H3 F , is derived from H3 S by a proteolytic cleavage that removes the first six amino acids of H3 S , generating an isoform that is unique to micronuclei (23) . As shown in Fig. 1A , H3 phosphorylation occurs only in micronuclei and is specific to micronuclear H3 F (15) .
HPLC-purified micronuclear H3 (including H3 S and H3 F ) was then subjected to N-terminal sequencing, and the 32 P radioactivity eluted at each cycle of automated sequencing was determined. As shown in Fig. 1B , in the first 25 amino acids of H3 F (note: cycle 1 ϭ amino acid 7 because of the proteolytic processing leading to H3 F , see ref. 23) , only the serine corresponding to position 10 (Ser-10) has a significant amount of 32 P radioactivity. These data indicate that there is a single phosphorylation site, Ser-10, in the amino terminus of micronuclear H3.
Specificity of the Ser-10 Phosphorylated H3 Antibody in
Tetrahymena. Recently, we generated a polyclonal antibody against a synthetic peptide that mimics the H3 Ser-10 phosphorylation epitope. In mammalian cells, this antibody is highly specific for mitotic H3 (13) . To further characterize this antibody, we investigated its specificity using the unique biology offered by the Tetrahymena system.
Total proteins from macro-and micronuclei were separated by SDS͞PAGE, blotted, and probed with the phosphorylated H3 ( Fig. 2A , Left) and general H3 ( Fig. 2A, Right) antibodies. As expected, the phosphorylated H3 antibody recognizes In vivo phosphorylated micronuclear H3 was subjected to automated sequencing from the N terminus, and 32 P radioactivity eluted from each sequencing cycle was collected and counted. Note that an identical conclusion was reported previously by us as an unpublished observation (26) . Fig. 2B , when HPLC-purified micronuclear H3 F was treated with alkaline phosphatase, reactivity with the phosphorylated H3 antibody was completely eliminated.
Temporal Correlation between H3 Phosphorylation and Mitosis in Tetrahymena. Previously, it has been shown that, in Tetrahymena, H3 phosphorylation occurs only in mitotic micronuclei and not in amitotic macronuclei (15) . However, the temporal relationship between H3 phosphorylation and micronuclear mitosis is unknown. To determine this relationship, the phosphorylated H3 antibody was used to stain Tetrahymena in situ. A population of logarithmically growing cells stained with the DNA-specific dye DAPI is shown in Fig. 3A . The same cells stained with the phosphorylated H3 antibody are shown in Fig. 3B . Consistent with previous biochemical results obtained from isolated nuclei (15) , the phosphorylated H3 antibody does not stain amitotic macronuclei (Fig. 3B, arrowheads) . Curiously, only some micronuclei are stained. This antibody stains mitotic micronuclei (Fig. 3B, closed arrows) , which have a characteristic ''football'' shape; round interphase micronuclei (Fig. 3B, open arrows) are not stained. This result demonstrates that H3 phosphorylation at Ser-10 is a highly conserved event closely associated with mitosis in organisms ranging from ciliates to mammals.
The above result suggests that, in Tetrahymena, H3 phosphorylation is correlated with mitosis not only spatially but also temporally. To investigate this relationship further, we examined H3 phosphorylation throughout the Tetrahymena cell cycle with particular emphasis on the micronuclear division cycle (i.e., entry and exit from mitosis).
The Tetrahymena cell cycle is somewhat unique in that the micronuclei and the macronuclei divide by different mechanisms (i.e., mitotically versus amitotically) and at different times in the cell cycle. Cell cycle stages can be determined by a combination of morphological criteria (micronuclear division, macronuclear division, cytokinesis, etc.) and cell size (for details, see refs. 27 and 28). In the majority of cells in a logarithmically growing population, the micronuclei rest in a pocket-like recess in the macronuclear surface, indicative of interphase macro-and micronuclei (Fig. 3C) . As the micronuclei move away from the macronuclei, micronuclear mitosis initiates, and soon thereafter, the mitotic micronuclei display a characteristic football shape (Fig. 3E) . Soon after the micronuclei finish dividing and macronuclear division initiates, (Fig. 3G) . Micronuclear S phase continues for a short time after macronuclear division and cytokinesis finish; typically, these cells are small ''half-size'' cells and have small macronuclei (Fig. 3I) . Correspondingly, interphase micronuclei are not stained by the phosphorylated H3 antibody (Fig. 3D) . The staining becomes intensified as the micronuclei enter mitosis and acquire a characteristic football shape (Fig. 3F) . The staining begins to diminish as the micronuclei exit mitosis and enter S phase (Fig. 3H) . Staining of micronuclei with this antibody disappears close to when cytokinesis is finished and two daughter cells are born (Fig. 3J) . Collectively, these data suggest that, as in mammalian cells (13) , the singular phosphorylation of H3 at Ser-10 is also temporally correlated to mitosis. Correlation between H3 Phosphorylation and Meiosis in Tetrahymena. As far as we are aware, the possible association between H3 phosphorylation and meiotic chromosome condensation has not been reported. To investigate a possible relationship, we used the sexual pathway of the ciliate life cycle, conjugation. In brief, after pair formation in Tetrahymena, three prezygotic nuclear divisions occur (meiosis I, meiosis II, and a third prezygotic mitosis). Pronuclear exchange and fusion (karyogamy), two postzygotic nuclear mitoses, and differentiation of micronuclei and macronuclei then occur (for details, see refs. [29] [30] [31] .
Remarkable changes in micronuclear morphology occur during Tetrahymena meiotic prophase (29) (30) (31) . In stage I, the micronuclei become enlarged anterior to the macronuclei (Fig.  4A) . The micronuclei then become elongated into a spindleshaped crescent and enter stage II (left cell, Fig. 4C ). In stage III, the micronuclei continue their elongation and become a thread with uneven thickness (right cell, Fig. 4C ). In stage IV, the thread extends to the maximum length with uniform thickness (Fig. 4E) . In stage V, the crescent shortens and forms a thicker rod-like structure (right cell, Fig. 4G ). In stage VI, the thick-rod structure begins to disintegrate, and individual chromosomes begin to be visible (left cell, Fig. 4G ). They soon enter diakinesis, and condensed chromosomal bivalents become apparent (Fig. 4I) . Corresponding staining with the phosphorylated H3 antibody, as shown in Fig. 4 (Right), shows that H3 phosphorylation is absent in stages I and II, initiates in stage III, and increases through the rest of meiotic prophase until the condensed chromosomal bivalents are strongly stained.
As micronuclei enter metaphase of meiosis I, the staining becomes maximal (right cell, Fig. 5 A and B) . The staining begins to diminish in anaphase (left cell, Fig. 5 A and B) and fades away as the micronuclei exit meiosis I and the chromatin becomes decondensed (Fig. 5 C and D) . The staining increases again as micronuclei enter the second division of meiosis (Fig.  5 E and F) and decreases as they exit meiosis, and the chromatin becomes decondensed (Fig. 5 G and H) . As expected, H3 phosphorylation occurs during all mitotic divisions (pre-and postzygotic) during conjugation (data not shown and ref. 32). Thus, as for the mitotic divisions during vegetative growth, H3 phosphorylation, most likely at Ser-10, is closely correlated with chromosome condensation during both meiotic divisions. These results argue strongly that H3 phosphorylation plays a fundamental role in nuclear division-associated chromosome condensation.
DISCUSSION
H3 phosphorylation has been known to correlate closely with mitosis in mammalian cells (10, 11) . However, the universality of this modification in facilitating chromosome condensation has not been well appreciated. In the ciliated protozoan Tetrahymena, H3 phosphorylation has been found to occur only in micronuclei, which divide mitotically, and not in macronuclei, which divide amitotically (15) . Here, we demonstrate that Tetrahymena micronuclear H3 phosphorylation occurs at Ser-10, the same site targeted for phosphorylation in mammalian cells (10, 11) . In addition, using an antibody specific for Ser-10 phosphorylated H3, we demonstrate that H3 phosphorylation is temporally correlated with micronuclear mitosis in Tetrahymena. These results, combined with our recent findings that mitotic H3 phosphorylation also occurs in fungi (Aspergillus nidulans), worms (Caenorhabditis elegans), and flies (Drosophila melanogaster) (38) , strongly suggest that phosphorylation of H3 at Ser-10 is highly conserved among eukaryotes and plays an important, yet unclear, role in mitotic chromosome condensation.
Previously, there has been no report on the relationship between H3 phosphorylation and meiosis. Here, we demonstrate that, in Tetrahymena, H3 phosphorylation is temporally correlated with meiosis in a fashion that closely coincides with chromosome condensation. However, unlike mitosis, in which H3 phosphorylation occurs in late G2 before prophase (13), during Tetrahymena meiosis, the chromatin is not stained by the phosphorylated H3 antibody until stage III of meiotic prophase (Fig. 4) , which corresponds to the zygotene stage of metazoan meiotic prophase (29, 30 (13) . In contrast, in Tetrahymena, H3 phosphorylation persists into the micronuclear S phase. This persistence may reflect some role(s) for H3 phosphorylation in S phase. More likely, slow dephosphorylation in Tetrahymena could be correlated with the fact that, unlike other mitotic nuclei, the transcriptionally inactive micronuclei do not decondense fully and do not need to decondense rapidly to resume transcription after mitosis. We suspect that subtle differences will exist between the timing of H3 phosphorylation and dephosphorylation in different organisms (also see ref. 13 ). Clearly, mitotic and meiotic chromatin condensation are highly regulated and mechanistically complex events. Nonetheless, remarkable progress has recently been made by using Xenopus cell-free egg extracts to identify and purify proteins that seem to play a central role in mitotic chromosome condensation (33) . The conserved nature of these molecules͞ pathways is underscored by the identification of genes encoding homologous proteins in yeast, worms, and flies (reviewed in refs. 34 and 35) . Despite this progress, the molecular relationship between H3 phosphorylation and mitotic chromatin condensation remains unknown. Two models could serve to link H3 phosphorylation to other proteins involved in chromosome condensation. Phosphorylation of H3 may cause a local and transient decondensation of chromatin by reducing the interaction between H3 amino termini and DNA. In this case, the local and transient decondensation of chromatin would act as a first step to facilitate the binding of other trans-acting chromatin condensation factors, such as topoisomerase II and SMC͞XCAP proteins (see ref. 4) . Such a mechanism could explain why H3 phosphorylation also accompanies immediate-early gene transcription in response to mitogen stimulation (36, 37) . Alternatively, cell cycleregulated site-specific phosphorylation of H3 tails could act as a ''receptor'' to recruit chromatin condensation factors, which then in turn trigger mitotic chromatin condensation.
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